® Inferring host galaxy probabilities with a ®

@ systematics-free approach in dark siren cosmology @
Alessandro Agapito (Centre de Physique Théorique, AMU)
Journée du groupe de travail sur la cosmologie du GdR ondes gravitationnelles, 17/10/2025
i‘:: ﬁtive d'eMm! gMaerseiIK F lm} v ‘ RG
...... \_/ :
Aix Marseille Université e —

Centre de Physique Théorique



o Outline © o

The “dark siren” cosmology framework

SN O R

The “full-sampling” method and the line-of-sight (l.0.s.) redshift priors

Emerging systematics and open problems

Building mock Gravitational Wave (GW) events and galaxy catalogs

Results, conclusions and future outcomes

Alessandro Agapito, Journée du groupe de travail sur la cosmologie du GdR ondes gravitationnelles, 17/10/2025



¢ o Dark siren cosmology © o

Standard sirens = self-calibrating sources with no need of cosmological ladder
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Credits: C. Talbot et.al., 2018 Credits: R. Gray., 2021
Modelling the source-frame mass Cross-matching the GW’s sky
spectrum: spectral siren method localization with galaxy catalogs

Alessandro Agapito, Journée du groupe de travail sur la cosmologie du GdR ondes gravitationnelles, 17/10/2025



A T

[ Dark siren cosmology © o
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0 T(A) T - awPoon(Bi[A)
p(X. 6]{d })/ gy L1 p(azuz. \ ok

Selection bias

[50‘) = /dO Pdet(0) pp0p(0|>‘)}

Mass-redshift astrophysical models

[ Poop(8IA) = p(m1, malz, A) X p(z, QA dg’“)]

[Monte Carlo or Kernel Density Estimation methods ] o e 2022

N. Borghi et. al., 2023

—> Goal: joint cosmological and population inference <+
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@ ] @
_@ Dark siren cosmology @
Some systematics and open problems:
Mass function modelling: “astrophysical” vs “data-driven” \

KXUERYNEA

G. Pierra et. al., 2024, J. Heinzel et. al, 2024

Galaxy weighting: between systematics and astrophysical motivations
G. Perna et. al., 2024, A.G. Hanselman et. al. 2025, N. Borghi et. al. 2025

Multi-dimensional integration: accuracy and scalability
C. Talbot et. al., 2023, J. Heinzel et. al., 2025 /
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S Galaxy weighting: between systematics :

_@ and astrophysical motivations _9@
Potential bias on the Hubble constant Astrophysical informations
Bl et “Prob. that a merger occurs in a
i /\ = Sl given host galaxy as a function of its
/\ : physical properties”
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Credits: A.G. Hanselman et. al., 2025
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= Multi-dimensional integration: =

() o o
_@ accuracy and scalability _9@
H, [km/s/Mpc]
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C. Talbot et. al., 2023
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_ @ “Full-sampling” method... © o
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Spectral siren framework

(i) Sample A ~ 7()\); Continuous interpolation (GMMSs)
L
(ii)[Sample 0; ~ p(Oi |d?W)] for ¢ =1,.: o N

(iii) Evaluate the product Hﬁ\i’fs Ppop(0i|\)/TPE(6:);

(iv) Compute|&(A)| —— Still a “bottleneck”

M. Mancarella et. al. 2024

TTpE\Y;

T aw\Ppop(0:A)
Zl:llp(ozldz LLPT)]

Sampling in ~ 500 dimensions

4JPYMC
+

Hamiltonian
Monte Carlo %
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‘/;‘ ...while dealing with “spiky” redshift priors @ ¢

P

Dark siren framework = [ Ppop (@A) = p(m1, ma|z, A) X p(z, QA, dgal)]

(i) Sample A ~ 7(A); including e

(ii) For 2 = 1,. .., Nobs:

— (a) [Sample mé, mé ~ p(ml,mzlde) ]
(b) Sample idx,,; with probability w,.,
(c) {a,é} are given by {agai; dgai }

— (d) [Sample z @‘@
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...while dealing with “spiky” redshift priors

A

et

Dark siren framework = [ppop(9|)\) = p(m1, ma|z, A) X p(z, QA, dgal)]

(i) Sample A ~ 7(A); including e
(ii) For 2 = 1,. .., Nobs:

— (a) [Sample m‘f, mg ~ p(ml,mzlde) ]

(b) Sample idx,,; with probability w,.,
(c) {e,d} are given by {agu,0ga}

— (d) [Sa.mple z m@@

> @: fp Z|galaxy Catalog) f= Nea
gal tot

— f) p(z|out of galaxy catalog)

p(z|galaxy catalog) o Z(z|zga1)
gal /
“Galaxy weights”

dN, gn;iss dV.

dV.dQ2 dzdS}

p(z|out of galaxy catalog) o
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@ @ ..while dealing with “spiky” redshift priors @ ¢

«— -

Dark siren framework = [ppop(9|)\) = p(m1, ma|z, A) X p(z, QA, dgal)]

@: [ p(z|galaxy catalog)  r— Neat
gal tot

— f) p(z|out of galaxy catalog)

—— Redshift prior p(z)
------- Catalog part

— Out-of-catalog part
--- Completeness

p(z|galaxy catalog) o Z(z|zga1)
gal /
“Galaxy weights”

Redshift AN™IsS gy
ts: p(z|out of galaxy catalog) oc &2l 2
Credits: M. Mancarella ( | d‘/CdQ dZdQ
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® @ ..while dealing with “spiky” redshift priors @ ¢

DI e

[ p(z) = f p(z|galaxy catalog) + (1 — f) p(z|out of galaxy catalog)}

L3 . "
“Discrete” mixture &9

—— Redshift prior p(z) # sample of the host galaxy index for every event
....... Catalog part i_gal = Categorical('idx', p=w_gal)

Out-of-catalog part # N = number of observed GW events (vectorized)
- Completeness z_gal = z_gal[:N, 1i_gal],
sigma_gal = sigma_gal[:N, 1i_gal]

# DISCRETE samples from p(z|catalog)
x_gal = Normal(mu=0, sigma=1)
zcat = z_gal + x_gal * sigma_gal

# f = completeness fraction
switch = Bernoulli(prob=f)

R R e e # samples from p(z|out of catalog)
: { zhom = CustomDist(logp=log_p_out_of_cat)

REdShIft # zcat or zhom with prob = f

Credits: M. Mancarella z = where(switch == 0, zhom, zcat)
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‘ip ...while dealing with “spiky” redshift priors @ ¢

«—

[ p(z) = f p(z|galaxy catalog) + (1 — f) p(z|out of galaxy catalog)}

Normalizing flow inspired idea...

Z=1(Y)
B S——
Normalizing
direction

pz(z)
py(y.

Y =8(Z)
G
enerative N
direction / \

Base distribution, Z Target distribution, Y

Credits: I. Kobyzev, et. al., 2020

...using Cumulative Density Functions (CDFs):

F—l

P
u—9——2

“Continuous” mixture (work in progress)

# sample of the host galaxy index for every event
v = normal_cdf(Normal("u", mu=0, sigma=1)) # in [0, 1]

///' # f = completeness fraction

is_cat = v > (1 - f) # True or False
=(v-(1-fF)) / f#1in [0, 1]

i_gal = (v_cat < cumsum(w_gal)).argmax()

N = number of observed GW events (vectorized)
_gal = z_gal[:N, i_gal], sigma_gal = sigma_gal[:N, i_gal]
# CONTINUOUS samples from p(z|catalog)
v_z = normal_cdf(Normal(mu=0, sigma=1)) # in [0, 1]
log_p_cat = log_p_cat(z_grid, z_gal, sigma_gal)

F = cdf_from_logpdf(log_p_cat, z_grid)

zcat = switch(is_cat, invert_cdf(v_z, F, z_grid), nan)

# sampleS from p(z|out of catalog)
cdf_out = cdf_from_logpdf(log_p_out_of_cat(), zgrid)
zhom = 1dnvert_cdf_piecewise_linear(v_z, cdf_out, zgrid))

# choose between zcat and zhom with probability = f

z = switch(is_cat, zcat, zhom)
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o Building the mock galaxy catalog © o

Simulated MICECatv2 spectroscopic catalog M. Crocce et. al. 2015

® Sub-sampling following dV/dz
and uniformin 0 < RA, Dec < 7/2

109 4

e Absolute r-band magnitudes in

—21.5 < M, < =19.5

dAN/dz

e True spectroscopic redshifts in
007 =2z= 1.2

'

. . . Complete catalog in absolute
: magnitude of about |20 min galaxies

10! 4
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[ Building the mock galaxy catalog ¢ o

®(M — 5log,o h) [Mpce™?]

Simulated MICECatv2 spectroscopic catalog M. Crocce et. al. 2015

— ¢(M)in0.1< 2 <1.2 . . . .
Parametric Schechter luminosity function

: ®(M|Ao) dM = 0.41n(10) ¢, 10%-4(aF1)(M.—M)
- _1 0.4(M.—M)] T

*em |10 dMdv,
0.2 in redshift bins )\(I) = A@(Z)

T T T T T T T T T
—21.50 —21.25 —21.00 —20.75 —20.50 —20.25 —20.00 —19.75 —19.50
M-—5 loglo h
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© o Mock galaxy catalog: completeness © o

Completeness function
2.0 ( l (S )
1.0 F==b—mp o et T .
P 2,€) = - _cat.,e , € , 1) A. Finke et.
15 |~ comp (2, €) (lgal,e(S, ¢) al., 2021
954 o _— \
oo 0.5 i .
O 1.00 4= _— EgGS (LQ/L*)
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@ Mock galaxy catalog: completeness ¢ o

q_/

Completeness function Full I.o.s redshift prior p(%)
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LOSET=r=] R et : — (z)dV/dz :
1.5 1.50 : == Zinhe-=11:20 : 1.5
1 ——— zain = 1
0.8 1 i . é ; 10
0.5 i 0.5
R I T T doe Lo : o
E —_— s %D ' galaxy catalog i o o
Q‘*) 0.4 4 0.98 1+ T T T = : : t
025 050 075  1.00 —~05 ) » ou R
0.50 1 I
0.2 w0 i i o
00Tz X 1.2 T |
00 A1 0.00 I :
—— T T T T t T T -2.0 — r T r T t T T -2.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
z z

but ... it still requires to be pre-computed !
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@ Extracting mock GW events

v
~<-——/J'II'

DEC

Single-event posterior samples

90° — - - A

60°

30° F

T —— ~60 - "90°
RAD

MICECatv2 galaxies

Best 100 O5-like simulated
events with SNR > 25 in1yr
of observing time

N. Borghi et. al., 2023

exploiting

L4
< FAst

F. lacovelli et. al., 2022
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Extracting mock GW events ¢ o

30fF 7
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Observed redshift distribution:

Hy =80 kms~! Mpc™?

Jﬂﬂ Zgw(d%w, H())

[ Hy =60 kms™' Mpc!
1 Hy=70kms !Mpc! |

L L L H
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Model assumptions:

PoOowER LAw + PEAK
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Law

Mass model

LVK collaboration, 2025
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—
(4]
]
~

back time (Gyr)
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0246 8
Izl T

Redshift model

P. Madau et. al., 2014
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© o Results [1] : sampling the redshift © o

ct
T

' Samples from catalog part
_ 0 i Samples from out of catalog part
£ = : Samples from p(z) o o 2o
e Both deterministic and
i === p(catalog) i i
| — == p(out of catalog) ! continuous sampling
:: — p(z) = frp(catalog) + (1 — fr) p(outof catalog) works!
(1]
1
T & e No computation for
________ . single-event l.o.s
E redshift priors @
| 5, .
I
: e No multidimensional
integrals with “spiky”
functions
0.0 0.2 0.8 T0

A
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— Results [2] : joint cosmological inference with o

st population properties and galaxy weights -@

Hy = 70.10£0%

HJ‘K / Hy = 7010129 \

_ )
Y= 262922 ——INAY Hf ’H
s
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\ SRS

| i
@ @ D O VDL YR
2.30 b
2z, = 1.6672%

} | HO €

q o

Zp

Fully bayesian systematics-free approach

€ = 0.087219 l

[Investigate a possible “hidden” correlation]

H, vy K 2p €
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= Results [3] : fully bayesian statistical o
ranking of host galaxies et

Hp [kms~! Mpc™!]

60.0 62.5 65.0 67.5 70.0 72.5 75.0 77.5 80.0
1.0

Statistical ranking of galaxies

80000 A

Sampled host 058
galaxy index

1]
N(z|éy,,-, Gg,i) . \ l &_‘

Investigate astrophysical
properties of the hosts
(e.g. luminosity or stellar mass)

60000 -

—

N
N—"
40000

20000 4 \

0.6 0.7 0.8 0.9 1.0

0.2
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© o Conclusions and follow-ups © o
Conclusions
e Hubble constant-galaxy weights possible correlation
e Astrophysical properties of the hosts
Thank you for
Follow-ups -
p ? . your attention !
® Use more realistic simulations/real data
® Include the “pixelation” of the sky
\. Include matter density and modified gravity Y,
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Marginal posterior in full Marginal posterior in mass

hyperparameter space spectrum parameters space
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Backup slides © o

m— var(log £) < 1
m= var(log £) < 0.5

var(log £) < 2 2
—_— N <g4Nobs Negg = Ngraw % >10 numerator
> 4 Nobs denominator
Nobs
arl; ar
var(log £) = Z hi 5 * + N2, bl ¢ <1
i=1 i

Credits: M. Mancarella et. al., 2025
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dy

X1

cosfly

cosfly

2 Gaussian Mixture Model interpolation of individual
posteriors minimising BIC

Credits: M. Mancarella et. al., 2025

GW151226

mi
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